Nuclear spins serve as sensitive probes in chemistry 1 and materials science 2 and are promising candidates for quantum information processing [3] [4] [5] [6] . NMR, the resonant control of nuclear spins, is a powerful tool for probing local magnetic environments in condensed matter systems, which range from magnetic ordering in high-temperature superconductors 7,8 and spin liquids 9 to quantum magnetism in nanomagnets 10, 11 . Increasing the sensitivity of NMR to the single-atom scale is challenging as it requires a strong polarization of nuclear spins, well in excess of the low polarizations obtained at thermal equilibrium, as well as driving and detecting them individually 4,5,12 . Strong nuclear spin polarization, known as hyperpolarization, can be achieved through hyperfine coupling with electron spins 2 . The fundamental mechanism is the conservation of angular momentum: an electron spin flips and a nuclear spin flops. The nuclear hyperpolarization enables applications such as in vivo magnetic resonance imaging using nanoparticles
. Here we polarize the nuclear spins of individual copper atoms on a surface using a spin-polarized current in a scanning tunnelling microscope. By employing the electron-nuclear flip-flop hyperfine interaction, the spin angular momentum is transferred from tunnelling electrons to the nucleus of individual Cu atoms. The direction and magnitude of the nuclear polarization is controlled by the direction and amplitude of the current. The nuclear polarization permits the detection of the NMR of individual Cu atoms, which is used to sense the local magnetic environment of the Cu electron spin.
The electrical control of nuclear spins can be achieved using alternating 4, 6 or static 18 electric fields, as well as electric current 19, 20 . Compared to magnetic 5 and optical control 12 , electrical control is particularly appealing for applications, because electric fields are relatively easy to generate locally and allow individual spins to be addressed 4 . We used an electric current to control the nuclear magnetism of individual atoms in a scanning tunnelling microscope (STM) (Fig. 1a) and demonstrated the all-electric polarization and resonant driving of the single nuclear spin of a Cu atom. The Cu nuclear spin is polarized with either polarity, by as much as 30%, which is ~17 times greater than thermal polarization at 1 K. This is achieved by employing a spin-transfer torque effect at the singleatom level (Fig. 1b) .
The Cu atoms were deposited on a MgO decoupling layer grown on a Ag(001) substrate (Fig. 1a) . This set-up makes individual Cu atoms electrically accessible to the probe tip of STM by measuring the time-average d.c. current (I DC ) 21 . Each Cu atom adsorbs on top of the oxygen site ( Supplementary Fig. 1a ) and has an electron spin S = 1/2, as determined below. Cu occurs naturally in two stable isotopes 22 : 63 Cu (~69%) and 65 Cu (~31%), and both have a nuclear spin I = 3/2. We modelled the coupled electron-nuclear system of Cu (S = 1/2, I = 3/2) in a magnetic field B by using an isotropic hyperfine coupling term and electron Zeeman term:
Here A is the hyperfine constant and γ e is the electron gyromagnetic ratio. The anisotropic components of the hyperfine coupling and electric quadrupole coupling are much weaker (< 100 MHz according to the density functional theory (DFT) calculations in Supplementary Section 1), and are omitted here, as is the nuclear Zeeman energy. We probed the quantum states of individual Cu atom by using inelastic electron tunnelling spectroscopy 23 and electron spin resonance (ESR) [24] [25] [26] . Inelastic electron tunnelling spectroscopy reveals spin excitations between the states with electron spin quantum number m S = ± 1/2 (labelled as ↑ and ↓ ), by measuring the differential conductance (dI/dV) spectra (Fig. 2a) . By fitting the electron Zeeman splitting as a function of the B field (Fig. 2a, inset) 
27
, we obtained an electron g factor of 1.98 ± 0.10 and γ e = gμ B /h = 27.7± 1.4 GHz T -1 (h is Planck's constant and μ B is the Bohr magneton). This suggests that Cu has an electron spin S = 1/2, as confirmed by our DFT calculations.
We resolved the hyperfine structure 26 of individual Cu atoms by driving ESR transitions between the ↑ and ↓ states using a spinpolarized tip ( Supplementary Fig. 3 ) with an energy resolution of ~100 neV. The four ESR peaks (Fig. 2b) correspond to the four different orientations of the nuclear spin I = 3/2 (Fig. 2d) . The hyperfine constant A can be extracted from the four ESR frequencies,
The histogram of the A values (Fig. 2b, right inset) shows two separate Gaussian peaks at 2.86 ± 0.03 and 3.05 ± 0.07 GHz, which correspond to the two isotopes 63 Cu and
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The hyperfine constant is sensitive to the chemical environment of an atom 26, 28 , here the bonding configuration of Cu on MgO. DFT calculations revealed that the electron spin occupies mainly (~60%) the 4s orbital (Fig. 2b, left inset) . The large hyperfine constant of Cu on MgO, compared to that in other environments 28 , thus arises from the large s electron density at the nucleus, which yields an unusually large Fermi contact interaction ). For example, at B = 0.65 T, the Zeeman energy is about six times larger than the hyperfine coupling for both isotopes, and states |↓ , + 3/2〉 and |↑ , + 1/2〉 mix to form |1〉 ≈ 0.99|↓ , + 3/2〉 -0.12|↑ , + 1/2〉 and |7〉 ≈ 0.12|↓ , + 3/2〉 + 0.99|↑ , + 1/2〉 . Owing to the slight overlap between eigenstates |i〉 and |8 − i〉
, tunnelling electrons can induce state transitions by scattering with the Cu electron, during which the spin of the tunnelling electron is conserved (Δ σ = 0). In comparison, Δ σ = ± 1 transitions (tunnelling electron reverses its spin) can occur between |i〉 and |9 − i〉
(x indicates a direction perpendicular to the spin quantization axis z). We use these two types of current-induced transitions to control the nuclear polarization, as shown below.
The nuclear polarization, = P I I / z n (z indicates the quantization axis of the nuclear spin), is only ~1.7% for 63 Cu or 65 Cu at thermal equilibrium (B = 0.65 T, T = 1.2 K). This polarization results from the Boltzmann occupation of nuclear substates separated by only ~A/2. The main thermal relaxation path is probably through the scattering by electrons from the Ag substrate 21, 29 . We controlled P n using a spin-polarized current that flows through an individual Cu atom, with the readout of P n simultaneously realized by taking ESR spectra. Note that the ESR-induced transition rate is much smaller than the current-induced rates (Supplementary Fig. 5 ) and thus the ESR process only weakly perturbs P n . Figure 3a ,b shows the ESR spectra taken with spin-polarized currents of opposite directions given by opposite bias polarities. The relative amplitudes of the ESR peaks directly reveal the steadystate populations of each nuclear spin state at a large I DC . We found that a sufficiently large negative bias (electrons tunnel from sample to tip), and thus large current when holding the tip height constant, led to nuclear spin polarization primarily into the m I = -3/2 states (Fig. 3a) . Reversing the current direction by applying a positive bias led to a higher occupation of the m I = + 3/2 states (Fig. 3b) . Figure 3c shows the ESR amplitudes as a function of sample d.c. bias at a constant tip height. Increasing the d.c. voltage (V DC ) and thus I DC increases the degree of nuclear polarization, which saturates to a limiting polarization at large I DC .
The current-controlled nuclear polarization is a consequence of the conservation of total spin angular momentum through two spin-transfer torque processes at the single-atom level (Fig. 1b) . The principle is illustrated in Fig. 3d ,e for each bias polarity. For example, at a positive V DC , tunnelling electrons first exchange spin angular momentum with the localized Cu electron spin by exchange scattering (blue arrow in the upper panel of Fig. 3e ). This spinreversing (Δ σ = − 1) electron tunnelling pumps the electron spin of the Cu atom from the four lower states to the upper states (Δ m S = + 1) to conserve angular momentum 29 . At a large I DC , the population ratio between the two states with the same m I (between |i〉 and |9 − i〉 ) is set by the spin polarization (ƞ) of the tip to give a ratio of (1 + ƞ)/(1 -ƞ), where ƞ ≈ 0.19 for this tip (from the fit in Fig. 3c ). The second step of the spin-transfer torque occurs between the nuclear and electron spins of the Cu atom via the flip-flop hyperfine interaction. At a large I DC , this process is mainly driven by the spinconserving (Δ σ = 0) electron tunnelling events (dashed grey arrows in Fig. 3e) , which equalize the populations of the connected states (|i〉 and |8 -i〉 ). At a low I DC , the scattering of electrons from the Ag substrate sets the Boltzmann distribution of the connected states.
Considering all the transitions, the state population at a positive V DC follows the paths indicated by the arrows in Fig. 3e , and the net effect is that the nuclear spin is driven towards the states |1〉 and |8〉 , which are mainly composed of m I = + 3/2, which gives a positive P n . Similarly, at a negative sample bias, the populations are driven to m I = -3/2 states (Fig. 3d) , to give a negative P n .
To quantitatively describe the behaviour of the electron and nuclear spin of Cu under the influence of the spin-polarized current, we developed a rate equation model (Supplementary Section 6). This model considers the transition rates between states due to the scattering with electrons that tunnel between the tip and Ag, as well as the scattering by Ag substrate electrons (which originate from Ag and return to Ag), using a quantum mechanical transition intensity operator 29 . By fitting the ESR amplitudes versus V DC in Fig. 3c to our model, we obtained P n at different V DC (Fig. 3f, solid  curve) . At a large current, P n can be approximated directly from the ratios of the four ESR amplitudes at each V DC (dashed curve in Fig. 3f ). The ESR amplitudes (Fig. 3c ) and the corresponding calculated P n (Fig. 3f, dashed curve) show an asymmetry with respect to the zero bias, due to the different spin pumping directions at opposite bias Letters NaTuRe NaNoTeCHNology polarities. At a positive V DC , thermal relaxation due to the substrate electrons and Δ σ = − 1 processes due to the spin-polarized tunnel current compete with each other, whereas at a negative V DC both the thermal relaxation and Δ σ = + 1 processes favour the occupation of the lower-energy states.
The model shows that P n grows monotonically with V DC and the polarization direction is controlled by the bias polarity. The result is a fast electrical initialization of the nuclear spin. We found that when the exchange scattering with tunnelling electrons occurs more frequently than the spin relaxation driven by the substrate electrons (every ~10 ns as estimated from the point contact conductance 21 ), P n starts to deviate from the thermal equilibrium. The saturation polarization at + 70 mV is ~30%, which is a ~17-fold enhancement over the thermal equilibrium. This corresponds to an effective Normalized ESR amplitudes Fig. 3 ). The weaker tunnelling process with the opposite spin-flip sign (Δ σ = − 1) is also present (not pictured). e, Mechanism of the nuclear polarization at a positive bias. The weaker tunnelling process (Δ σ = + 1) is also present (not pictured). f, Nuclear polarization P n as a function of V DC (solid curve) based on fitting the results in c using the rate equation model. The uncertainty of P n is depicted as the shaded region by considering the uncertainties of the fitting parameters with a 95% confidence. The dashed curve is the asymmetry in ESR peak amplitudes calculated from the same model (Supplementary equation (17) ). The asymmetry approaches P n in the limit of a large bias, but deviates from the true nuclear polarization at a small current. Data points are the measured asymmetry obtained directly by weighting the four ESR amplitudes of the same V DC in c. The error bars are propagated from the fitting uncertainties of the ESR peak amplitudes at each V DC . Insets: populations of four nuclear spin states at both bias polarities.
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NaTuRe NaNoTeCHNology nuclear spin temperature of ~200 mK, which is six times cooler than the experimental temperature of 1.2 K. The model also shows that the saturation polarization increases monotonically with the tip spin polarization, and reaches unity with a fully polarized tip (ƞ = 1) ( Supplementary Fig. 4 ). The time needed to reach the steadystate polarization is limited by the rates of the flip-flop transitions (Δ σ = 0), which are slower than the Δ σ = ± 1 transitions by a factor of α = (γ e B/A) 2 ≈ 40. The settling time is thus ~4α(e/I DC ) = 420 ns at an I DC of 60 pA (ref. 29 ). The polarized nuclear spin permits direct access to the resonant transitions between adjacent nuclear spin states (Δ m I = ± 1) 2, 30 ( Fig. 4a) . These NMR-type transitions 31 (labelled NMR in the following) are driven by an a.c. voltage applied at the transition frequencies (~A/2), and are probably made possible by the mixing of the electron and nuclear states (Supplementary Section 5) 3 . The resonances are detected by the change of electron spin polarization that results from the NMR transitions. The NMR spectrum of single Cu atoms reveals three peaks, which correspond to transitions i-iii labelled in Fig. 2d . The separation of NMR frequencies makes it possible to address each transition individually. The uneven spacing of nuclear states is due to the hyperfine coupling. The relatively broad NMR peaks compared to other nuclear spin systems [4] [5] [6] are due to a shorter nuclear coherence time, which is limited by the electron spin relaxation time that results from the interaction with the tunnelling current as well as the scattering electrons from the Ag substrate.
We employed the NMR spectra to probe the local magnetic environment of a 65 Cu atom by varying the effective tip magnetic field 25 applied to the atom. The change of the Zeeman energy of the Cu electron spin manifests as an NMR frequency shift (Fig. 4b) . Two frequencies (i and iii) shift with the tip magnetic field, whereas the frequency of iii is almost constant at ~1.6 GHz, which agrees well with the calculated evolution (dashed lines in Fig. 4b ). The transition ii is an NMR-type clock transition 31, 32 , a transition that is insensitive to the B field. The clock transition of 63 Cu occurs at a smaller frequency of ~1.5 GHz (Fig. 4a) due to its smaller hyperfine constant. The clock transition frequency can thus be used to distinguish two Cu isotopes.
The nuclear spin-transfer torque effect should be applicable to other electron-nuclear quantum devices [3] [4] [5] [6] , such as the nuclear spins embedded in single-molecule magnets 4 . Although the nuclear spin relaxation time of Cu on MgO is not yet long enough to perform a single-shot readout of the nuclear spin states, it should be possible to improve this by using thicker MgO layers or by using Cu-based molecules 33 . The electrical polarization, driving and detection of the nuclear spin states enable the local spin manipulation for nuclear spintronics 30 and the detection of the atomic-scale magnetic environment in nanomagnets 10, 11 .
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Methods
Measurements were performed in a homebuilt ultrahigh vacuum (< 10 −9 torr) STM operated at either 0.6 K or 1.2 K, as indicated in the figures. Bilayer MgO was grown on an atomically clean Ag(001) single crystal by thermally evaporating Mg in an O 2 environment 21 . Cu and Fe atoms were deposited in situ from pure metal rods by electron-beam evaporation onto the sample held at ~10 K. An external magnetic field was applied at ~8° off the surface with the in-plane component aligned along the [100] direction of the MgO lattice. STM images were acquired in the constant-current mode and all the voltages refer to the sample voltage with respect to the tip.
The iridium STM tip was coated with silver by indentations into the Ag sample until the tip gave a good lateral resolution in the STM image. To prepare a spin-polarized tip, Fe atoms on MgO were transferred onto the tip by applying voltage pulses (~0.55 V). The degree of spin polarization was verified by the asymmetry in the dI/dV spectra of Cu with respect to voltage polarity.
The ESR (NMR) spectra were acquired by sweeping the frequency of a radiofrequency voltage V RF ESR generated by Agilent E8257D (V RF NMR generated by Tektronix AWG7122C) across the tunnelling junction and monitoring the changes in the tunnelling current. The current signal was modulated at 95 Hz by chopping V RF ESR , which allowed the read out of the current by a lock-in technique 24 . For NMR spectra, V RF ESR was set to 10 GHz (far from any resonance). V RF and V DC voltages were combined at room temperature using a bias tee and an RF diplexer, and applied to the STM tip through a semirigid coaxial cable 24 .
Data availability
The data that support the plots within this paper and other findings of this study are available from the corresponding authors upon reasonable request.
